ABSTRACT: The effects of copper (Cu), pentachlorophenol (PCP) and benzo [a]pyrene (B[a]P) on swimming efficiency and embryogenesis of Chaetogammarus marinus were examined. Swimming stamina against a pump driven head flow of water was significantly impaired at concentrations of 15 µg Cu l . Cu and PCP extended the period of embryogenesis by 4 to 8 d while embryos cultured with B[a]P hatched at the same time as controls but were significantly smaller. Specific stages in the embryos' development were affected by each pollutant. Stage 1 was resistant to these effects but Stages 2 to 4, in which the embryo undergoes development of the germinal disc, dorsal organ rudiments, cordal furrows, appendage rudiments and segments, eye and heart, were all prolonged in toxicant-exposed treatments. The time taken for Stage 5 of embryogenesis was generally reduced in pollutant exposed embryos. The results indicate that both swimming stamina and embryogenesis in C. marinus may be used as sensitive bioassays for toxic effects in estuarine areas. In the case of Cu, the assays are responsive at environmental concentrations periodically experienced at some locations on the Humber estuary, United Kingdom. The swimming stamina assay has the advantage that it reflects the competence of the animals over a range of integrated physiological processes while the embryo assay has the advantage that effects at this level may reflect population level responses to pollution. 
INTRODUCTION
In previous studies a number of sub-lethal bioassays for a range of representative pollutants were developed and tested using the estuarine amphipod Gammarus duebeni (Lawrence & Poulter 1996 . G. duebeni is generally widely distributed in North Sea estuaries (Bulnheim 1979 , Ritz 1980 , Sheader 1983 . However, populations of this species on the Humber estuary in the United Kingdom appear transient and consequently, according to the criteria developed by Philips (1980) , this species does not appear to be ideal for sub-lethal toxicity testing in this area.
A second species of amphipod, Chaetogammarus marinus, is also found on the Humber estuary, and populations of this species appear to be more stable. C. marinus is known to be a weak competitor at low salinities (Pinkster & Broodbaker 1980) and has a characteristic life span of 1 yr (Skadsheim 1982) . It is known to have a low reproductive output (Vlasblom 1969 ) and generally occurs on saline estuarine shores. Like other Gammaridae, it has an important ecological role in these estuarine areas shredding vegetation and as one of the major food sources for fish (McLusky 1989) . Bryan & Langston (1992) highlighted the need to use more estuarine animals in ecotoxicological studies. Until recently, estimation of toxic impacts in estuarine areas was predominantly derived from experiments using marine species. However, recent studies have increasingly used estuarine species as test organisms (Lawrence & Poulter 1996 , Roast et al. 1998 , 2000a ,b, Baron et al. 1999 . This is important because estuarine species may have distinctly different responses to pollution from their marine counterparts. Through their adaptation to the estuarine environment, they may either be pre-adapted to tolerate pollution stress or be more susceptible to any additional stress (Lawrence & Poulter 1996) .
Clearly the responses of estuarine species to pollution would be much more indicative of the impact of the pollutant in an estuary than are tests using marine species. Indeed, the studies by Lawrence & Poulter (1996 indicate that swimming efficiency in Gammarus duebeni is significantly impaired at concentrations of 45 µg l -1 Cu, 20 µg l -1 PCP and 8 µg l -1 B[a]P. On the Humber, these Cu concentrations are periodically experienced at a number of sites. These studies further highlight the potential use of behavioural endpoints in ecotoxicology. This approach is well developed in the freshwater species G. pulex (Taylor et al. 1993 (Taylor et al. , 1994 and effects of pollution on swimming behaviour have now also been determined in the estuarine mysid Neomysis integer (Roast et al. 2000a,b) . In addition to the need for more estuarine species to be used in ecotoxicology, recent studies have highlighted the need for more work examining the impact of pollution on reproduction and development (Lawrence & Hemingway 2001) . This issue has received a great deal of attention recently given the concern over endocrine-disrupting chemicals in the environment. Reproduction and development of many species are often the life history stages most sensitive to pollution and environmental change (Lawrence 1996) . They are also the critical stages in the hierarchical levels of response by an organism to pollution that link molecular, sub-cellular and physiological responses to population and community impact. While the trend in recent years has moved towards the biomolecular and subcellular responses to pollution, it is often the population response that is critical especially in commercially important species. However, studies showing clear links between biomolecular response and population impact do not exist.
The aim of this study was 2-fold. First, to evaluate the potential role of the amphipod Chaetogammarus marinus as a test species in estuarine areas and to further develop assays for pollution at sub-lethal levels using this species. To determine this, the sensitivity of C. marinus to Cu, PCP and B[a]P was examined using the swimming bioassay previously developed by Lawrence & Poulter (1998) .
Cu is a heavy metal that has consistently exceeded its Environmental Quality Standard (EQS) at various sites on the Humber estuary. B[a]P is a heavy polycyclic aromatic hydrocarbon that is more persistent in the environment than the volatile components of oil pollution; consequently it serves as an indicator of other polycyclic aromatic hydrocarbons that contaminate the environment (Irwin et al. 1998) . It is carcinogenic and has recently been identified as anti-oestrogenic (Safe 1995) . PCP is a persistent priority pollutant in the USA (Irwin et al. 1998) . A semi-volatile chlorophenolic compound, it is used in wood preservative and as a herbicide, disinfectant and anti-foulant (Eisler 1989) . A degradation product of lindane and hexachlorobenzene, it is believed to be fetotoxic, embryotoxic and teratogenic to wildlife (Irwin et al. 1998) Second, the sensitivity of Chaetogammarus marinus to sub-lethal pollution was further assessed by examining the impact of these representative pollutants on embryonic development. Gammaridae lend themselves well to studies of this type. Eggs are released into a marsupium or brood pouch before fertilisation and then go through 5 clear stages of development (Sheader & Chia 1970) .
MATERIALS AND METHODS
Chaetogammarus marinus were collected between mid-level and high water from a Fucus vesiculosus covered rocky area on the north shore of the Humber estuary near Paull. Test animals were maintained in shallow tanks of seawater diluted with double-distilled water to 20 psu and kept in an aquarium at 11°C. They were fed Enteromorpha, collected from the sample site. Individuals were measured from the head to the end of the third uropods using callipers, and individuals 15 to 21 mm in length were used as test organisms in the study.
LC 50 testing. Preliminary range finding and definitive LC 50 tests were performed on Chaetogammarus marinus using anhydrous CuSO 4 (Merck Eurolab Ltd, Poole, Dorset, UK) in seawater diluted to 20 psu. LC 50 for PCP and B[a]P were determined as described by Lawrence & Poulter (1998) . In each case a static test system was used. Ten animals were used in each treatment and maintained in a plastic tray (10 × 14 cm) in test medium. Test solutions were changed daily to prevent loss of the toxicant through absorption onto the walls of the tray.
Swimming stamina assays. The effects of sub-lethal concentrations of Cu, PCP and B[a]P on the swimming efficiency of Chaetogammarus marinus were examined following the protocol developed by Lawrence & Poul-ter (1996) . Concentrations of Cu at 0, 15 and 30 µg l -1 (total Cu) and 20 psu were used in the Cu assay. Concentrations of 0, 40 and 60 µg PCP l -1 and concentrations of 0, 40 and 60 µg B[a]P l -1 were also tested at 20 psu. Masterflex Tygon (Merck Eurolab) plastic flexitubing (bore diameter 7 mm) was connected to the inlet and outlet of a peristaltic pump. The pump was used to set a flow rate for each test solution of 145 ml min -1 . A scale was marked on the outlet pipe in millimetres at either side of a zero point. This allowed the positive or negative movement of each test individual, against the head flow of water, to be recorded. The flow rate was selected based on preliminary studies in which the individuals were found to be able to maintain their position or move against the head flow over a period of 5 min. Each individual's swimming stamina was recorded at time 0 as it was initially introduced to its test solution and then at intervals over the next 180 h. Movement was expressed as mm moved min -1
. Individuals were placed into the outlet pipe at the zero mark and their movement was timed and recorded.
Embryo culture. Methods of embryo culture of Gammarus species have been described (Sexton 1928 , Vlasblom & Bolier 1971 , Morritt & Spicer 1995 , 1996 , and these were modified and adapted for use in the culture of eggs from Chaetogammarus marinus.
Pre-copula pairs were separated into containers containing 2 cm depth of 20 psu autoclaved seawater. The pairs were maintained in constant-light conditions and a temperature of 11°C. Constant light has been found to produce a continuous breeding cycle with no resting stages in Gammarus lawrencianus (Steele 1981) . Individuals were regularly fed Enteromorpha and monitored until the male had fertilised and released the female. The male was then removed. Immediately after deposition of eggs into the marsupium, the embryos were removed from the female. The individual's length was measured, and then it was pinned and the embryos were teased out through the setose oostegite using sterile mounted needles and fine nerve forceps.
Separate broods were then immersed in sterile 20 psu seawater for cleaning. Groups of 8 undamaged embryos from each brood were then transferred into separate sterile petri dishes. The cleaned dishes contained 10 ml of autoclaved 20 psu seawater. They were placed on a slow moving self contained table in an aquarium maintained at 11°C, ensuring that the embryos were constantly aerated and free from settling bacteria. Parafilm was used to cover the dishes to prevent bacterial infection and reduce evaporation while also allowing gaseous exchange to occur.
At daily intervals, 8 embryos were carefully removed from each culture using a sterile pasteur pipette. The embryos were placed onto a slide in test medium and measured using a calibrated optical graticule on a light microscope. Maximum width and length of each embryo were measured since they are ellipsoid or prolately spheroid (Sheader & Chia 1970) . During measurement the 'Stage' of embryo growth was also noted as described by Sheader & Chia (1970) : Stage 1: There is early cleavage before germinal disc formation. The cells are all pigmented; Stage 2: The germinal disc develops and dorsal organ rudiment appears; Stage 3: The caudal furrow forms and appendage rudiments appear; Stage 4: Appendage segmentation is apparent, the dorsal organ is reduced, the optic rudiment and heart (still) develop, the caudal furrow widens, and the embryo has a more oval shape as the head occupies the apex; Stage 5: Red pigment spots appear on the eye rudiments, the heart now beats, the dorsal organ is further reduced, and muscular movement is apparent, especially in the gut; Stage 6: The juvenile hatches into the brood chamber or marsupium.
Test solutions were changed during measurement so that embryos were returned to a sterile environment. Observations were continued until either development ceased due to disruption or the first juveniles hatched. Sheader (1995) observed that individuals of Gammarus insensiblis hatched within 3 to 4 h of others in the same brood. During the test period degenerate embryos were removed from the culture.
Effect of Cu on embryo growth and development. To determine the effect of Cu on embryo growth and stage duration, the in vitro culture method described above was followed and the maximum lengths of developing embryos were measured in test media of 0, 20 and 40 µg Cu l -1 autoclaved 20 psu seawater. Cultures were maintained at 11°C.
Effect of PCP in embryo growth and development. Using autoclaved 20 psu seawater, 100 ml of 40 µg PCP l -1 was made up as described by Lawrence & Poulter (1998) . The culture method described here was then followed using test solutions of 0, 20 and 40 µg PCP l -1 by appropriate dilution of the stock. Maximum length of embryo and stage duration were measured throughout the study.
Effect of B[a]P on embryo growth and development. Using autoclaved 20 psu seawater, 100 ml of 40 µg B[a]P l -1 was prepared as described by Lawrence & Poulter (1998) . The culture method described here was then followed using test solutions of 0, 20 and 40 µg B[a]P l -1 and embryo length and stage duration were measured throughout the test.
Statistical analyses. Probit analysis (Finney 1980 ) was used to determine LC 50 values, and 95% confidence intervals for each of the pollutants were used in the study. Results from swimming and embryo development assays were examined using 1-and 2-way ANOVA and an a posteriori least significant difference (LSD) tests. Two-way ANOVA showed that the effects of Cu and time were significant (F = 31.9, p < 0.001, df = 15). There were significant concentration (F = 138.3, p < 0.001, df = 2) and time effects (F = 15.5, p < 0.001, df = 13), and significant interaction between the 2 (F = 8.4, p < 0.001, df = 26). An a posteriori LSD test gave a complex pattern of differences based on Cu and time interactions. Consequently, a 1-way ANOVA was used to confirm the significant difference between the treatments (F = 48.5 p < 0.001, df = 2, 207) and an a posteriori LSD test showed that the difference between each treatment was significant at the p = 0.05 level.
RESULTS

LC
Results of the effect of PCP on the swimming stamina of Chaetogammarus marinus are shown in Fig. 2 . On exposure to 40 µg PCP l -1 swimming stamina was initially reduced significantly below control levels but then increased above control levels until 48 h. It was then similar to control levels until the later stages of the test. After 161 h, swimming was again reduced to an average of -80 mm min -1
. At 60 µg PCP l -1
, swimming was impaired much more rapidly. The reduction in swimming stamina continued to the end of the assay period at which time it averaged -200 mm min -1 . Two-way ANOVA confirmed a significant difference between the treatments (F = 33.5, p < 0.001, df = 17). There were significant individual effects (F = 157.3, p < 0.001, df = 2 for concentration; F = 17, p < 0.001, df = 15 ); n = 5; bar = SEM for time) and significant time-concentration interactions (F = 5.3, p < 0.001, df = 30). Clear differences between the treatments were confirmed by 1-way ANOVA (F = 61.3, p < 0.001, df = 2, 237) followed by an a posteriori LSD test, which confirmed the difference between each treatment at the p = 0.05 level.
Results of the effect of B[a]P on the swimming stamina of Chaetogammarus marinus are shown in Fig. 3 . Animals exposed to 20 µg B[a]P l -1 responded similarly to controls up to 106 h after which swimming was significantly reduced to -192 mm min -1 after 176 h. At 40 µg l -1 swimming was slightly impaired initially. A gradual decrease in swimming was observed, which became significant after 80 h of exposure and reached a low of -241 mm min -1 after 176 h. Two-way ANOVA showed a significant difference between treatments (F = 54.3, p < 0.001, df = 17). There were significant concentration (F = 228.9, p < 0.001, df = 2) and time effects (F = 31, p < 0.001, df = 15) and significant interactions between these variables (F = 9.9, p < 0.001, df = 30). Differences between each of the treatments were confirmed by 1-way ANOVA (F = 56.7, p < 0.001, df = 2, 237) followed by an a posteriori LSD test (p < 0.05). 
Embryo culture and development
Growth of Chaetogammarus marinus embryos in in vitro culture under control conditions is shown in Fig. 4 . Average maximum lengths and widths of embryos were plotted separately to illustrate changes in shape through the developmental stages. Observations were also recorded of the duration of each stage to hatching.
Initial average dimensions of the embryos were 642 µm maximum length × 475 µm mean maximum width. Stage 1 lasted for approximately 1.2 d and was marked by a decrease in average length (600 µm) and increase in width (563 µm). Hence the initial ovaline shape of the embryo rapidly changed to a more rounded structure. 
Effect of Cu, PCP and B[a]P on embryogenesis
The effect of Cu on embryo growth and development is shown in Fig. 5 . Mean embryo length in individuals exposed to 20 µg Cu l -1 followed a similar pattern to the control group up to 8 d. However, the marked increase in length apparent in the control treatment in Stages 3 and 4 were not observed in the 20 µg Cu l -1 group. Instead, a gradual increase in mean length was recorded between 8 and 20 d up to the expected hatching length of approximately 800 µm. After this time hatching was observed. During the 20 day period it was found that embryo stage durations were delayed due to the effects of Cu. Of the initial embryos, 87.5% survived to hatching.
A similar response to that described for animals exposed to 20 µg Cu l -1 was also observed in the 40 µg Cu l -1 test group. Similar growth rates were seen up to 8 d. No distinct Stage 4 increase in size was noticed and between 8 and 24 d a very gradual growth was observed. Lengths of less than 800 µm were measured in embryos at 24 d when hatching occurred. Therefore, embryo development and hatching were delayed further at the higher concentration of Cu. However, as in the control, 75% of embryos survived to hatching. Two-way ANOVA showed a significant difference between the treatments (F = 57, p < 0.001, df = 11) with significant concentration (F = 32.7, p < 0.001, df = 2) and time effects (F = 62.4, p < 0.001, df = 9) and significant interaction between these variables (F = 2.4, p < 0.001, df = 18). A significant difference between treatments was confirmed by 1-way ANOVA (F = 7.6, p < 0.001, df = 2, 177). However, an a posteriori LSD test indicated that significant differences occurred only between the control and 40 µg l -1 treatments at the p = 0.05 level.
The effect of PCP on embryo development is shown in Fig. 6 . At 20 µg PCP l -1 the rate of increase in mean embryo lengths follows the pattern seen in the control group up to 8 d. After 8 d the embryo size of the test gourp continued to increase at a very slow rate without the marked increase expected in Stages 3 and 4.
Hatching was observed after 20 d when embryo lengths measured an average of 775 µm and 75% of embryos survived to hatching. At 40 µg PCP l -1 the size of embryos decreased rapidly after 2 d followed by degeneration. The test was abandoned after 10 d. Two-way ANOVA showed a significant difference between treatments (F = 51.8, p < 0.001, df = 11). There were significant concentration (F = 110.8, p < 0.001, df = 2) and time effects (F = 19.5, p < 0.001, df = 9). The difference between treatments was confirmed by 1-way ANOVA (F = 64.8, p < 0.001, df = 2, 159) followed by an a posteriori LSD test, which showed that only the control and 40 µg l -1 groups were significantly different.
The effect of B[a]P on embryo development is shown in Fig. 7 . On exposure to , embryo growth followed the pattern seen in the control treatment up to 8 d. After this the embryos continued to increase in size but at a slower rate than the control. However, these embryos began hatching at the same time as the control group after 16 d despite being significantly smaller in mean length (752 µm). Again 75% of embryos survived to hatching. The size of embryos exposed to 40 µg B[a]P l -1 declined rapidly followed by degeneration. The test was abandoned after 2 d. Two-way ANOVA showed a significant difference between treatments (F = 71.2, p < 0.001, df = 11) with significant concentration (F = 46.2, p < 0.001, df = 2) and time effects (F = 49.5, p < 0.001, df = 9). The difference between treatments was confirmed by 1-way ANOVA (F = 37.5, p < 0.001, df = 2, 135). In this case the post hoc LSD test showed a significant difference between each of the treatments at the p = 0.05 level. , respectively. While the PCP values recorded for both species are higher than values recorded for the Humber estuary, the Cu result is significant because the 48 h LC 50 for C. marinus is lower than Cu concentrations occasionally recorded in estuarine waters at certain locations (National Rivers Authority 1993).
In comparison with other species, Chaetogammarus marinus appears to be more sensitive to PCP. For Artemia salina, the 48 h LC 50 was 5.8 mg l -1 and for Astacus fluviatilis it was 9 mg l -1 after 8 d of exposure. For Crangon pseudogracilis the 96 h LC 50 was 3.12 mg l -1 and for Marinogammarus marinus it was 0.18 mg l -1 after 21 d of exposure (Irwin et al. 1998) . However, for the estuarine dependent shrimp Penaeus aztecus the 96 h LC 50 was 317 µg l -1 , similar to the value of 363 µg l -1 after 48 h found here (Benfield & Aldrich 1994) .
The pattern of sensitivity seen in the LC 50 tests was mirrored in the sub-lethal swimming stamina assay for Cu and B[a]P. The swimming stamina of Chaetogammarus marinus was significantly reduced at concentrations of 15 µg Cu l and 8 µg B[a]P l -1 for Gammarus duebeni (Lawrence & Poulter 1998) . It should noted, however, that the assay has not yet been used to determine the Lowest Observed Effect Level (LOEL) for each species. In addition, LC 50 and sub-lethal responses vary with and between species depending on time of year and physiological condition of the animals. Consequently, further studies are required to determine which of the 2 species is more sensitive to each of the representative toxicants.
What is clear from the study is that the bioassay is applicable to both species and in the case of Cu can detect changes in the swimming behaviour of the individuals at environmentally relevant concentrations. Concentrations of Cu at the mouth of the Humber have been recorded as high as 300 µg l -1 and in some of the docks concentrations as high as 50 µg l -1 were recorded (National Rivers Authority 1993). Furthermore, in 1997 and 1998 Brough, New Holland, Albert Dock and Saltend all failed to meet compliance with EQS for Cu with maximum concentrations as high as 11.4 µg l -1 (Environment Agency 1998). This is very similar to the concentration found to affect swimming in this study. While these are maximum concentrations, Edwards et al. (1991) have shown that the effect of peak rather than mean toxic concentrations may be important in assessing pollution impact. This highlights the potential significance of episodic pollution events in an environment (Taylor et al. 1994) .
B[a]P is not specifically recorded on the Humber, although sediment hydrocarbon levels are high with an average of 343 mg kg -1 dry weight up to a maximum of 885 mg kg -1 (National Rivers Authority 1993). On the Thames River, concentrations of this pollutant have been recorded up to 0.35 µg l -1 (Irwin et al. 1998) . It is still to be determined whether the swimming stamina assay is sensitive to these concentrations of B[a]P.
On the Humber, concentrations of PCP are usually below their EQS of 2 µg l -1 but maximum levels < 5 µg l -1 were recorded at New Holland and < 2 µg l -1 at Killingholme in 1996 (Environment Agency 1998). These levels are again in the same order of magnitude as those shown to affect swimming of Chaetogammarus marinus. However, until LOELs are determined, it is not possible to confirm whether the concentrations of PCP recorded in the environment are likely to affect the behaviour of these gammarids. The assay does, however, seem to be as sensitive as others to PCP. For example, using an avoidance behaviour assay Benfield & Aldrich (1994) found that Penaeus aztecus was able to detect and avoid PCP at a concentration of 91 µg l -1 . The results also support the contention that these behavioural assays are useful in ecotoxicological testing (Miller 1980 , Gerhardt 1995 , Lawrence & Poulter 1996 , Lawrence & Hemingway 2001 . They are rapid indicators of stress and allow an evaluation of the functional integrity of a number of physiological processes including respiration, energy metabolism, motor function and swimming coordination.
Swimming behaviour may be particularly useful in studying estuarine species because of the individual's need to maintain an optimal position independent of currents and tides. Effects on swimming may have implications for both position maintenance and survival (Roast et al. 2000a,b) especially for Chaetogammarus marinus, which is known to be a weak competitor at low salinities (Pinkster & Broodbaker 1980) . Several inter-tidal and in-faunal amphipods have been shown to exhibit rheotropic response to water flow, which may be under endocrine control (Fincham 1972) . Furthermore, Handy et al. (1999) have recently proposed a metabolic trade-off between locomotion and detoxification in rainbow trout (Onchorhynchus mykiss). This suggests a link between sub-cellular responses to pollution and physiology and behaviour through partitioning of resources in a way to maintain growth. In this study, embryogenesis was also significantly impaired by each of the toxicants. Both 40 µg Cu l Stages 2 to 4, in which the germinal disc, dorsal organ rudiments, cordal furrows, appendage rudiments and segments, and eye and heart develop, were all prolonged in embryos exposed to each of the toxicants. However, closer examination of the data showed that the length of time taken to complete Stage 5 (in which pigment forms in the eye, the heart begins to beat and muscular movement begins) was reduced in each treatment compared with the control, except for 20 µg Cu l -1 . This, in part, compensated for the delays seen in the earlier stages.
Delayed embryogenesis may reduce the chances of survival of offspring through increasing the period of a sensitive and vulnerable life stage. For example, eggs released into the plankton are more likely to be prayed on if development is extended. However, in Chaetogammarus marinus, brooding of the developing embryo by the female may compensate for this through the protection provided by the mother. Likelihood of survival may be further affected, however, by delaying the release of the embryo into the environment. Timing of reproduction is such that juveniles are thought to be released at a time allowing optimal survival through availability of food, lack of predator, or some other mechanism (Olive et al. 1990 ).
B[a]P did not extend the period of embryogenesis but the hatched juveniles were significantly smaller than those from controls. Again, this may have implications for the future survival and breeding potential of the offspring. Many studies have shown that reduced size or birth weight can affect survivability (Kolding & Fenchel 1981) .
B[a]P has recently been identified as an endocrine disrupter (Safe 1995) . The importance of this group of chemicals has been highlighted in recent years with many studies showing effects on reproduction, particularly in fish. With the exception of Tributyltin (TBT) effects on Nucella lapillus and other molluscs, far less is known about the impact of endocrine disrupters on invertebrates. Development of assays that assess their impact on embryogenesis, such as that developed here, offer one approach but others may be available. For example, the rheotropic response to water flow may be under endocrine control (Fincham 1972) and consequently the swimming response of Chaetogammarus marinus may have been affected through endocrine disruption rather than an energetics pathway on exposure to B[a]P.
The different manifestations of impact on embryogenesis, either delayed development or reduced size of hatched offspring, suggest that the pollutants may be affecting the process in different ways. Alternatively, both processes may occur for each pollutant but in a dose dependent manner. The growth of embryonic structures is caused by the conversion of egg protein (Sheader 1983) . The finding that each toxicant delayed Stages 2 to 4 of embryogenesis indicates an impact on developmental processes. As an endocrine disrupter, B[a]P, may affect the vitellogenic process (Safe 1995) . However, embryos were exposed to each pollutant only after vitellogenesis had been completed. Therefore, it is not clear what the mechanism is by which the contaminants affect the developing embryo.
Understanding the potential impacts of endocrine disrupters and embryotoxic compounds on invertebrates is critical because of the ecological implications of such effects. Many estuarine invertebrates, including amphipods, provide an important food source for juvenile commercial fish and birds. Costa & Elliott (1991) have highlighted the central role of small epibenthic crustaceans, including amphipods and shrimp, as the main link between detritus and fishes. Indeed, in the specific case of the Humber estuary it is gammarids and mysids that form the dominant prey within the foodweb, occurring in the diet of most fish species (Marshall 1995) . Consequently, any impact on the reproduction and fecundity of these invertebrates may have significant ramifications on estuarine food chains and secondary production.
Embryos of gammarids have some ability to regulate the passage of water and ions over their membranes (Morritt & Spicer 1996) . This is supported by the observation that juveniles in 40 µg Cu l -1 survived to hatching despite this being the 48 h LC 50 determined for the adults. This suggests that reduced permeability of the embryo wall enables the embryo to withstand the effect of Cu that is lethal to the adult.
Both swimming stamina and embryonic development have been found using Chaetogammarus marinus to be sensitive to a range of representative pollutants. In the case of Cu, both responses are sensitive at environmentally realistic concentrations experienced on the Humber estuary. However, the LOELs are yet to be determined for Cu, PCP or B[a]P. It is not yet possible to say which of the responses is the more sensitive to any of the toxicants used in the study.
The results of this study provide further evidence to support the use of Gammaridae in ecotoxicology studies particularly in estuarine areas where the choice of appropriate species is limited. The swimming stamina assay has the advantage that it is quick and shows an impact on a process that requires integration of a number of physiological and neural parameters. Embryonic development is interesting first because it appears that it can be used as a sensitive bioassay in a stage specific manner but second because it can also be used to examine the underlying mechanism of toxic impact. This is particularly relevant because effects on reproduction and fecundity, including larval development and survival, are seen as the crucial stage in the hierarchic range of responses linking subcellular and molecular effects in the individual with population level change.
